Introduction {#s1}
============

The leading cause of end-stage renal disease, which can result in disability and mortality of diabetic patients, is diabetic nephropathy (DN) [@pone.0092952-Maisonneuve1]. Multiple mechanisms contribute to the progression of this disease, including haemodynamic pathways, hyperglycemia, hyperlipidemia, oxidative stress, inflammatory cytokines as well as genetic disposition [@pone.0092952-Dronavalli1]. The pathophysiology of DN is complex and not completely understood.

TNF-related apoptosis-inducing ligand (TRAIL) is a TNF superfamily cytokine that can promote apoptosis, necroptosis [@pone.0092952-JouanLanhouet1] and survival of cells, displaying pleiotropic functions both *in vitro* and *in vivo* (reviewed in [@pone.0092952-Azahri1]--[@pone.0092952-Kavurma2]). This is not surprising; TRAIL displays complex signalling with the ability to bind 5 different receptors in humans. Four of these receptors are membrane-bound; namely death receptor-4, and -5, as well as decoy receptors-1, and -2. TRAIL also binds the soluble receptor, osteoprotegerin known to regulate osteoclastogenesis.

Recent studies have suggested a possible role for TRAIL in the pathogenesis of DN. In normal kidneys, TRAIL expression is localised in the tubules, but not the glomeruli [@pone.0092952-Lorz1]. Transcriptomic and bioinformatic studies in human diabetic kidneys, showed increased expression of TRAIL, correlating with severity of renal disease [@pone.0092952-BenitoMartin1]. Moreover, TRAIL protein expression in kidney tissue sections was associated with tubular atrophy, interstitial fibrosis and inflammation [@pone.0092952-Lorz1]. These studies suggest that increased expression of TRAIL in a diabetic milieu may play an apoptotic role and modulate kidney injury in DN.

We have previously demonstrated that in response to a high-fat diet (HFD) for 12 w, TRAIL gene deletion in ApoE^-/-^ mice resulted in increased systemic inflammation, diabetes and accelerated atherosclerosis [@pone.0092952-DiBartolo1]. Chronic kidney disease and DN is associated with accelerated atherosclerosis. Interestingly, circulating levels of soluble TRAIL are considered a negative marker for inflammation, inversely associated with the mortality risk in chronic kidney disease patients [@pone.0092952-Liabeuf1]. Circulating TRAIL levels are also decreased in the sera of haemodialysis patients [@pone.0092952-Chasseraud1]. In contrast to the observed tissue expression of TRAIL in DN [@pone.0092952-Lorz1], [@pone.0092952-BenitoMartin1], the reduced circulating TRAIL levels implicate a protective role for TRAIL in chronic kidney disease.

To date, no kidney phenotype has been described in TRAIL-deficient mice. Thus, in this study we aimed to identify whether TRAIL plays a progressive or protective role in DN. We examined the effects of a 20 w HFD on TRAIL^-/-^ApoE^-/-^ mice and ApoE^-/-^ mice. Here, TRAIL-deficient mice displayed increased renal pathology as well as type-2 diabetes. Understanding TRAIL signalling in diabetic nephropathy may therefore offer new strategies for the treatment of diabetes and renal diseases.

Materials and Methods {#s2}
=====================

Mice {#s2a}
----

Male TRAIL^-/-^ApoE^-/-^ and ApoE^-/-^ mice were used for all studies [@pone.0092952-DiBartolo1]. Six week old mice were placed on a HFD (Specialty Feeds; Perth, Australia) for 20 w in specific pathogen-free conditions with 12∶12 h light-dark cycles, and free access to water and food. To minimise stress, mice were monitored daily and handled frequently. Body weights were measured and blood was sampled via tail vein throughout the study. At 18 and 19 w into the HFD, glucose (overnight fasted) and insulin (non-fasted) tolerance tests were performed. Either D-Glucose (1 g/kg body weight; Sigma-Aldrich, Sydney, Australia) or 1 U/kg of body weight of human insulin (Roche, Sydney, Australia) was injected into mice intraperitoneally, followed by plasma glucose measurements over 2 h using a glucometer (Accuchek Performa, Roche, Sydney, Australia) [@pone.0092952-DiBartolo1]. At the end of the diet period, and after overnight fasting, mice were anaesthetised by intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg), and culled by cardiac exsanguination. Kidneys were quickly harvested, weighed and fixed in 10% formaldehyde for immunohistochemistry (IHC) analyses or snap frozen for expression studies.

Ethics statement {#s2b}
----------------

All animals were handled according to the Animal Care and Ethics Committee (ACEC) guidelines at UNSW (Sydney, Australia); the protocol was approved by the ACEC of UNSW with Ethics approval number 11/71B.

Food intake {#s2c}
-----------

Pre-weighed food was placed into clean cages at the beginning of the week. At the end of the week, the unconsumed food was collected and weighed. This amount was subtracted from the given amount. Daily food intake was calculated; when there was more than one mouse housed per cage, the food intake was averaged over the number of mice in the cage. Food intake was measured over the final 4 weeks of HFD.

Plasma and Urine analyses {#s2d}
-------------------------

At 20 w, urine was obtained for measurement of protein (Pierce, Rockford, U.S.A), calcium (Cayman Chemical, An Arbour, MI, USA) and creatinine (Abcam, Cambridge). Plasma obtained at time of sacrifice was stored at -80°C in EDTA-NA~2~ or heparin tubes. Plasma protein (Pierce, Rockford, U.S.A), creatinine (Abcam, Cambridge, UK), calcium (Cayman Chemical, An Arbour, MI, USA), phosphorus (VetScan; Abaxis, Union City, CA, USA), cystatin C (R & D Systems), glucose (Cayman Chemical, An Arbour, MI, USA) and insulin (Mercodia, Uppsala, Sweden) were subsequently assessed.

IHC and light microscopy {#s2e}
------------------------

Fixed kidneys embedded in paraffin were used in subsequent IHC. Tissue architecture was assessed following hematoxylin and eosin staining. Kidney sections were stained with Periodic acid Schiff (PAS), alizarin red, F4/80 (macrophage; 1∶50; AbD serotec; Oxford, UK); Collagen IV (1∶500; Abcam, Cambridge, UK), Vimentin (1∶500; Abcam, Cambridge, UK) and Masson\'s Trichrome. Sections were examined to assess the effect of TRAIL-deficiency in ApoE^-/-^ kidneys with particular emphasis on tubular cells, mesangial expansion in glomeruli and infiltration of macrophages. All IgG controls were negative. Digital images were captured using a BX53 or DP72 microscope (Olympus). For quantification of staining in tissues, positive staining was determined using cellSens imaging software (Olympus). For kidneys, 12--17 random viewing fields (inner and outer cortex), and approximately 20--25 glomeruli were assessed per mouse. Thresholds for positive staining were determined for each antibody; sections were analysed by an investigator blinded to mouse genotype.

RNA extraction and quantitative real time polymerase chain reaction (PCR) {#s2f}
-------------------------------------------------------------------------

Kidneys snap frozen in liquid N~2~ were stored at −80°C until use. Tissues were homogenised (MP Biomedicals: Sydney, Australia) and RNA was extracted using the Qiagen all prep DNA/RNA/protein kit. RNA was reverse transcribed as previously described using iScript (BioRad: Sydney, Australia) [@pone.0092952-DiBartolo1]. Quantitative real-time PCR was performed using SensiFast (Bioline, Sydney, Australia) and the Rotor-Gene 6000 (Corbett Research, Qiagen; Melbourne, Australia). Quadruplicate samples were run, and relative changes in gene expression between TRAIL^-/-^ApoE^-/-^ and ApoE^-/-^ kidneys were determined using the 2-ΔΔcT method qPCR [@pone.0092952-DiBartolo1]. Values were normalised to the housekeeping gene β-actin. Primer sequences for each gene examined can be found in [Table 1](#pone-0092952-t001){ref-type="table"}.

10.1371/journal.pone.0092952.t001

###### Murine Primer Sequences.

![](pone.0092952.t001){#pone-0092952-t001-1}

  Gene                Forward Primer 5′ to 3′   Reverse Primer 5′ to 3′
  ------------------ ------------------------- -------------------------
  Fibronectin          ACAGAAATGACCATTGAAGG      TGTCTGGAGAAAGGTTGATT
  PAI-1               TCTGGGAAAGGGTTCACTTTACC    GACACGCCATAGGGAGAGAAG
  TIMP-1               CGAGACCACCTTATACCAGCG     ATGACTGGGGTGTAGGCGTA
  MMP-2                CAGGGCACCTCCTACAACAG      CAGTGGACATAGCGGTCTCG
  MMP-9                CCAAGGGTACAGCCTGTTCCT     GCACGCTGGAATGACTAAGC
  IL-1β                GTTTCTGCTTTCACCACTCCA    GAGTCCAATTTACTCCAGGTCAG
  IL-18               GACTCTTGCGTCAACTTCAAGG     CAGGCTGTCTTTTGTCAACGA
  Osteopontin          CCCGGTGAAAGTGACTGATTC     ATGGCTTTCATTGGAATTGC
  PPAR-γ               CACAATGCCATCAGGTTTGG     GCTGGTCGATATCACTGGAGATC
  TNF-α                 CAGGCGGTGCCTATGTCTC     CGATCACCCCGAAGTTCAGTAG
  GLUT2                GGCTAATTTCAGGACTGGTT      TTTCTTTGCCCTGACTTCCT
  GLUT4                GTGACTGGAACACTGGTCCTA     CCAGCCACGTTGCATTGTAG
  Insulin Receptor     TTTGTCATGGATGGAGGCTA      CCTCATCTTGGGGTTGAACT
  β-actin             AACCGTGAAAAGATGACCCAGAT    CACAGCCTGGATGGCTACGTA

Statistics {#s2g}
----------

For data analysis, GraphPad Prism version 6.0 (GraphPad Software, San Diego, CA, USA) was used. Unless stated, statistical comparisons were performed using a Mann-Whitney *t*-test and one-way ANOVA, where appropriate. Results are expressed as mean ± SEM; *p*\<0.05 was considered significant.

Results {#s3}
=======

20 w HFD fed TRAIL^-/-^ApoE^-/-^ mice have increased markers of renal injury {#s3a}
----------------------------------------------------------------------------

TRAIL^-/-^ApoE^-/-^ mice at 20 w exhibited markedly increased plasma phosphorus, plasma cystatin C, urine calcium, urine protein ([Table 2](#pone-0092952-t002){ref-type="table"}) and urine protein:creatinine ratio compared to ApoE^-/-^ mice (62.32±8.81 mg/mmol vs. 31.94±4.90 mg/mmol; p\<0.05). Furthermore, TRAIL^-/-^ApoE^-/-^ mice had significantly reduced plasma protein ([Table 2](#pone-0092952-t002){ref-type="table"}). In contrast, there was no change in wet kidney weights, plasma or urine creatinine levels ([Table 2](#pone-0092952-t002){ref-type="table"}). Calcification in kidneys is another marker of renal injury and chronic kidney failure. Histologically, we observed significantly elevated alizarin red staining in TRAIL^-/-^ApoE^-/-^ vs ApoE^-/-^ kidneys ([Figure S1A](#pone.0092952.s001){ref-type="supplementary-material"}). These studies suggest that a deficiency of TRAIL in ApoE^-/-^ mice results in significant increases in plasma and urine markers indicative of renal injury.

10.1371/journal.pone.0092952.t002

###### Organ weights, blood and urine measurements from ApoE^-/-^ and TRAIL^-/-^ApoE^-/-^ mice after 20 w HFD.

![](pone.0092952.t002){#pone-0092952-t002-2}

                                *ApoE^-/-^*    *TRAIL^-/-^ApoE^-/-^*
  ---------------------------- -------------- -----------------------
  Kidney weight (g)              0.22±0.01           0.22±0.01
  Plasma Calcium (mmol/L)        2.66±0.29           2.38±0.21
  Plasma Phosphorus (mmol/L)     2.47±0.22          3.51±0.29\*
  Plasma Creatinine (μmol/L)    443.1±50.02         366.7±34.37
  Plasma Cystatin C (mg/L)      407.43±42.74      561.14±41.27\*
  Plasma Protein (g/L)           64.3±3.76          53.0±2.05\*
  Urine Calcium (mmol/L)         1.48±0.63           2.98±0.55
  Urine Creatinine (μmol/L)     947.8±57.62        1057.0±60.37
  Urine Protein (g/L)            30.79±5.50        62.76±7.22\*

Measurements are from n = 7--11 mice per group. Results are expressed as mean ± SEM, \*p\< 0.05 and \*\*p\<0. 01, by Mann-Whitney U test.

20 w HFD fed TRAIL^-/-^ApoE^-/-^ kidneys display nephropathy {#s3b}
------------------------------------------------------------

Both ApoE^-/-^ and TRAIL^-/-^ApoE^-/-^ mice developed abnormal glomerular histology. TRAIL^-/-^ApoE^-/-^ kidneys however, had more segmental glomerular matrix accumulation and segmental cell proliferation as demonstrated by PAS staining ([Figure 1A](#pone-0092952-g001){ref-type="fig"}). Increased mesangial cell proliferation in TRAIL^-/-^ApoE^-/-^ glomeruli was confirmed with vimentin, a marker of mesangial cells ([Figure 1B](#pone-0092952-g001){ref-type="fig"}). Not only did TRAIL^-/-^ApoE^-/-^ tubular cells display increased loss of brush border and disorganization of the tubular epithelium, as well as some cell shedding, they also showed vacuolization, more so than ApoE^-/-^ tubular cells ([Figure 1A](#pone-0092952-g001){ref-type="fig"}). Furthermore, TRAIL^-/-^ApoE^-/-^ kidneys demonstrated greater fibrosis as evident by collagen IV staining, particularly in the outer cortex ([Figure 1C](#pone-0092952-g001){ref-type="fig"}), and also in the glomeruli ([Figure 1D](#pone-0092952-g001){ref-type="fig"}). Consistent with this, TRAIL^-/-^ApoE^-/-^ kidneys displayed increased collagen expression by Masson\'s trichrome ([Figure S1B](#pone.0092952.s001){ref-type="supplementary-material"}). These studies suggest that TRAIL deficiency contributes to the greater nephropathy seen in HFD-fed ApoE^-/-^ mice.

![TRAIL^-/-^ApoE^-/-^ mice have increased renal injury.\
Representative sections (40X magnification) of mouse kidney after 20 w of HFD stained with (a) Periodic acid Schiff showing relative increased mesangial matrix (yellow arrows) and increased cellularity in mesangial regions with local areas of tubular degeneration and loss of brush boarder (red asterix), (b) vimentin demonstrating increased matrix, (c) collagen IV (total kidney) showing increased collagen staining throughout the interstitium and (d) glomeruli. Stains were quantified as described in the [Methods](#s2){ref-type="sec"}. Measurements are from n = 5 mice/genotype, 20--25 glomeruli per mouse (vimentin and collagen IV), or 11--15 images each of inner and outer cortex for collagen IV. Results are expressed as mean ± SEM, \*\*\*\*p\<0.0001 by Mann-Whitney U test.](pone.0092952.g001){#pone-0092952-g001}

Expression of markers of fibrosis and renal disease {#s3c}
---------------------------------------------------

Renal disease due to fibrosis is caused in part, by an impairment of proteolytic factors that regulate extracellular matrix throughput. Excess accumulation of fibronectin (a key matrix protein) for example, is a common feature in human renal disease [@pone.0092952-VanVliet1]. Importantly, TRAIL^-/-^ApoE^-/-^ kidneys had elevated mRNA expression of fibronectin ([Figure 2A](#pone-0092952-g002){ref-type="fig"}). Proteases such as plasminogen activator inhibitor-1 (PAI-1) and matrix metalloproteinases (MMPs) including tissue inhibitor of metalloproteinases-1 (TIMP-1), MMP-2 and -9 have also been implicated in fibrosis and renal injury [@pone.0092952-Eddy1]. PAI-1, TIMP-1, as well as MMP-2 and -9 were significantly increased in the kidneys of TRAIL^-/-^ApoE^-/-^ mice ([Figures 2B-E](#pone-0092952-g002){ref-type="fig"}). These findings demonstrate that TRAIL-deficient kidneys have altered expression of genes regulating extracellular matrix turnover and fibrosis.

![Kidneys from TRAIL^-/-^ApoE^-/-^ mice have increased expression of genes indicative of fibrosis.\
mRNA expression for (a) fibronectin, (b) PAI-1, (c) TIMP-1, (d) MMP-2 and (e) MMP-9 from kidneys. All levels were normalized to β-actin; n = 6/ genotype. Results are expressed as mean ± SEM, \*p\<0.05 and \*\*p\<0.01 by Mann-Whitney U test.](pone.0092952.g002){#pone-0092952-g002}

Increased expression of pro-inflammatory cytokines in TRAIL^-/-^ApoE^-/-^ kidneys {#s3d}
---------------------------------------------------------------------------------

In addition to fibrosis, nephropathy is associated with increased inflammation. Indeed 20 w HFD-fed TRAIL^-/-^ApoE^-/-^ mice had significantly elevated white blood counts (12.48×10^3^/μl ±1.33 vs. 4.76×10^3^/μl ±0.69; p\<0.01) and increased spleen weights (0.19 g ±0.01 vs. 0.14 g±0.01; p\<0.01). Histologically, significantly increased macrophage infiltration as assessed by F4/80 positive staining was observed in the glomeruli of TRAIL^-/-^ApoE^-/-^ vs ApoE^-/-^ mice ([Figure 3A](#pone-0092952-g003){ref-type="fig"}). Furthermore, TRAIL^-/-^ApoE^-/-^ kidneys displayed increased mRNA expression of pro-inflammatory cytokines IL-1βIL-18 ([Figures 3B-C](#pone-0092952-g003){ref-type="fig"}), and their downstream target gene, osteopontin [@pone.0092952-Yu1], [@pone.0092952-Yu2] ([Figure 3D](#pone-0092952-g003){ref-type="fig"}), a macrophage chemotactic and adhesion molecule. While an increase for PPAR-γ and TNF-αexpression was seen in TRAIL^-/-^ApoE^-/-^ kidneys ([Figures 3E-F](#pone-0092952-g003){ref-type="fig"}), this elevation however was not significant. Thus, TRAIL is protective of systemic and kidney-specific inflammation in HFD-fed ApoE^-/-^ mice.

![TRAIL^-/-^ApoE^-/-^ mice have increased macrophage infiltration and genes of inflammation.\
Representative sections (40X magnification) of mouse kidney after 20 w HFD stained for the pan macrophage marker (a) F4/80. Kidney mRNA expression for (b) IL-1β, (c) IL-18, (d) osteopontin (e) PPAR-γ and (f) TNF-α. All levels were normalized to β-actin; n = 5-6/genotype. Results expressed as mean ± SEM, \*p\<0.05, \*\*p\<0.01 and \*\*\*\*p\<0.0001 by Mann-Whitney U test.](pone.0092952.g003){#pone-0092952-g003}

TRAIL^-/-^ApoE^-/-^ mice display features of type-2 diabetes and altered insulin signalling {#s3e}
-------------------------------------------------------------------------------------------

HFD treatment caused significant increases in body weight and plasma glucose levels at 8 w in TRAIL^-/-^ApoE^-/-^ mice, consistent with the development of diet-induced diabetes. Strikingly at 20 w, TRAIL^-/-^ApoE^-/-^ mice had significantly reduced plasma glucose and insulin levels with no change in body weight compared to ApoE^-/-^ mice ([Table 3](#pone-0092952-t003){ref-type="table"}). Interestingly, food intake was significantly reduced in TRAIL^-/-^ApoE^-/-^ mice ([Figure S2](#pone.0092952.s002){ref-type="supplementary-material"}), even though prior to sacrifice, these mice still displayed impaired glucose clearance ([Figure 4A](#pone-0092952-g004){ref-type="fig"}) and delayed insulin sensitivity compared to ApoE^-/-^ mice, with insulin intolerance observed at 60 min ([Figure 4B](#pone-0092952-g004){ref-type="fig"}).

![TRAIL^-/-^ApoE^-/-^ mice show impaired glucose and insulin tolerance and kidneys have altered insulin signalling.\
(a) Glucose and (b) insulin tolerance tests of ApoE^-/-^ (open circles) and TRAIL^-/-^ApoE^-/-^ (▪) mice (n = 6--11/genotype). mRNA levels for (c) GLUT2, (d) GLUT4 and (e) insulin receptor were measured in the kidney. All mRNA levels were normalized to β-actin; n = 5-6/genotype. Results expressed as mean ± SEM, \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001 and \*\*\*\*p\<0.0001 by Mann-Whitney U test and ANOVA.](pone.0092952.g004){#pone-0092952-g004}

10.1371/journal.pone.0092952.t003

###### Body weights, plasma glucose and insulin levels in HFD-fed ApoE^-/-^ and TRAIL^-/-^ApoE^-/-^ mice.

![](pone.0092952.t003){#pone-0092952-t003-3}

        Body weight (g)   Plasma Glucose (mmol/L)   Plasma Insulin (pmol/L)                                    
  ---- ----------------- ------------------------- ------------------------- ------------------- ------------- --------------
  0       20.90±0.84            19.37±0.89                10.74±1.57             11.47±0.76       24.1 9±4.26    20.41±4.42
  5       28.15±0.88            27.28±0.75                12.90±1.40             13.00±1.23       29.64±6.73     30.39±8.46
  8       28.44±0.65           30.77±0.73\*               15.20±0.83            18.04±0.78\*      35.39±9.73     28.31±7.17
  20      31.24±1.95            30.08±0.76                18.75±1.33          8.65±1.18\*\*\*\*   33.31±6.22    19.06±3.08\*

Measurements are from n = 5--11 mice per group. Results are expressed as mean ± SEM, \*p\<0.05 and \*\*\*\*p\<0. 0001, by Mann-Whitney U test.

Insulin signalling is critical for kidney function. We therefore assessed the expression of the insulin receptor, and glucose transporters (GLUT-2 and GLUT-4), important in glucose metabolism in the kidney. No significant differences in GLUT-2 or -4 mRNA were observed in kidneys of TRAIL^-/-^ApoE^-/-^ vs. ApoE^-/-^ mice ([Figures 4C-D](#pone-0092952-g004){ref-type="fig"}). In contrast, insulin receptor expression was significantly reduced in TRAIL-deficient kidneys ([Figure 4E](#pone-0092952-g004){ref-type="fig"}). These findings suggest that HFD-fed TRAIL^-/-^ApoE^-/-^ mice are glucose and insulin intolerant, and that kidneys of TRAIL-deficient mice have altered expression of insulin signalling molecules.

Discussion {#s4}
==========

DN is a condition observed in \>40% of diabetic patients in the US (American Diabetes Association). It is a condition characterized by thickening of basement membranes within glomeruli and tubules, as well as mesangial expansion and cell proliferation, increased production of matrix factors, and tubulointerstitial fibrosis [@pone.0092952-Dronavalli1]. A direct role for TRAIL in DN has not been established. However, there is growing interest supporting its association with diabetes and renal diseases. For example, increased TRAIL expression, apoptosis and scarring have been observed in kidneys of DN patients [@pone.0092952-Lorz1]. In cell culture experiments using proximal tubular cells, a combination of high glucose, TNF-αand IFN-γ increased TRAIL expression, which correlated with modest increases in apoptosis [@pone.0092952-Lorz1]. However, the role of glucose alone on TRAIL expression in these cells was not examined [@pone.0092952-Lorz1]. These studies suggest that increases in TRAIL expression, together with a pro-inflammatory milieu may augment apoptosis and disease progression. In support, circulating TRAIL levels appear to be elevated in diabetic patients with micro- and macroalbuminuria; however, this finding failed to achieve significance after multiple variant regression analysis [@pone.0092952-Chang1]. In contrast, circulating TRAIL levels are reduced in patients with chronic kidney disease [@pone.0092952-Liabeuf1] and in patients undergoing haemodialysis [@pone.0092952-Chasseraud1]. Chronic kidney disease is a complication of heart transplantation, and heart transplant recipients displayed lower serum TRAIL levels, associated with a decline in glomerular filtration rate [@pone.0092952-Malyszko1]. These studies suggest that TRAIL may be protective of kidney disease by inhibiting apoptosis. TRAIL\'s role *in vivo* is therefore conflicting and controversial. As such, we need to have a firm understanding of how TRAIL functions in the kidney in order to better develop TRAIL-dependent rational and safe interventions.

In the present study, we show the first demonstration that TRAIL-gene deletion in HFD-fed ApoE^-/-^ mice results in accelerated nephropathy and insulin resistance. We have revealed that TRAIL^-/-^ApoE^-/-^ mice in response to a HFD have increased plasma phosphorus, urine protein and urine protein:creatinine ratio. No significant changes in urine or plasma creatinine levels between genotype were observed. In contrast, plasma cystatin C levels, another biomarker of kidney function, were significantly elevated in the TRAIL-deficient mice. Compared to creatinine, cystatin C has a smaller volume of distribution, and levels are less dependent on muscle mass and other factors, potentially reflecting a better marker of glomerular filtration rate than serum creatinine [@pone.0092952-Dharnidharka1]. Never the less, collectively, these changes observed in TRAIL-deficient mice are indicative of renal injury and kidney failure. Consistent with these findings, TRAIL^-/-^ApoE^-/-^ mice had significantly exacerbated renal pathology, associated with mesangial expansion, fibrosis and inflammation. Furthermore, TRAIL-deficient kidneys displayed increases in extracellular matrix modulating genes.

TRAIL deficiency has previously been associated with accelerated autoimmune type I diabetes [@pone.0092952-LamhamediCherradi1]. In this report, TRAIL^-/-^ApoE^-/-^ mice had significantly elevated weight gain and hyperglycaemia at 8 w, and surprisingly, these parameters were not sustained by 20 w. TRAIL^-/-^ApoE^-/-^ mice also displayed reduced plasma insulin levels at 8 and 20 w. However, these mice had impaired insulin tolerance, suggesting a type-2 diabetic phenotype. Insulin resistance is a condition when the body\'s cells fail to respond to insulin, regardless of the levels of insulin. Notably, TRAIL^-/-^ApoE^-/-^ mice had significantly reduced insulin receptor expression in kidneys; a finding that may explain the impaired insulin sensitivity observed in TRAIL^-/-^ApoE^-/-^ mice at 60 min. Here we show that TRAIL-deficiency is also associated with insulin resistance in response to a HFD.

Reduced appetite is a common problem in inflammatory conditions including advanced kidney disease. Consistent with more severe nephropathy, TRAIL^-/-^ApoE^-/-^ mice had reduced appetite and were eating less than ApoE^-/-^ mice within the last 4 w of the study; supported by the markedly reduced plasma glucose levels at 20 w, even though TRAIL-deficient mice were still insulin resistant. Notably, severe renal dysfunction is associated with insulin resistance [@pone.0092952-Charlesworth1]. Furthermore, these mice developed more severe atherosclerosis (data not shown). Other autoimmune disorders such as hyperthyroidism may also play a role in the reduced food intake observed in the TRAIL-deficient mice. However, this requires further investigation.

Inflammation is fundamental in promoting the development and severity of DN. Interestingly, cystatin C levels may also reflect inflammation in CVD or related pathologies [@pone.0092952-Okura1], [@pone.0092952-Qing1], and given we observed increased cystatin C levels in TRAIL-deficient mice, suggests a pro-inflammatory environment. The role of cystatin C in inflammation however is controversial. While cystatin C may predict worse outcomes in patients with CVD [@pone.0092952-Angelidis1], the relationship between absolute levels of cystatin C and inflammatory cytokines is less clear. For example, despite showing elevated C-reactive protein levels, longitudinal studies of patients measuring cystatin C and renal function following surgery, showed that cystatin C levels were not significantly influenced by inflammation [@pone.0092952-Grubb1]. Thus, the association between cystatin C and inflammation requires further investigation.

Monocytes/macrophages are one of the main cell types in the kidney mediating inflammation and activated macrophages can secrete pro-inflammatory and pro-fibrotic factors including IL-1, IL-18, PAI-1 and MMPs which can result in apoptosis, but also hypercellularity (reviewed in [@pone.0092952-Lim1]). Our results indicate that TRAIL^-/-^ApoE^-/-^ kidneys have significantly increased F4/80^+^ staining in the glomeruli, indicating increased infiltration of macrophages. TRAIL^-/-^ApoE^-/-^ kidneys display elevated IL-1βIL-18 and osteopontin mRNA expression. Moreover, expression of matrix modulating genes including fibronectin observed in TRAIL-deficient kidneys was significantly increased. This is of importance since our findings suggest that a deficiency in TRAIL leads to a pro-inflammatory state in the kidney, with increased macrophage infiltration, promoting tissue injury, cell expansion, fibrosis and scarring.

TRAIL was identified as a member of the TNF ligand family almost 20 years ago, capable of inducing programmed cell death [@pone.0092952-Pitti1], [@pone.0092952-Wiley1]. It is expressed on all tissues, including the kidney [@pone.0092952-Spierings1], without the induction of apoptosis, suggesting that TRAIL\'s cytotoxic role *in vivo* is selective. Recent studies also implicate TRAIL in regulating necroptosis [@pone.0092952-JouanLanhouet1], or programmed necrosis, independent of caspase activation. While we did not assess apoptosis or necroptosis in the kidney, our previous findings suggest that increased macrophage accumulation in TRAIL^-/-^ApoE^-/-^ mice is associated with active caspase-3-positive cells, not only atherosclerotic lesions, but also in pancreatic islets [@pone.0092952-DiBartolo1]. Interestingly, in the streptozotocin rat diabetic model, renal TRAIL expression was increased at 16 w, with TRAIL expression further augmented in rats treated with valsartan and/or mycophenolate mofetil [@pone.0092952-Chen1], agents which inhibit renal apoptosis and protect kidney function [@pone.0092952-Lv1]. Thus, TRAIL may play different roles on different cells and in varying circumstances. Our data suggests that TRAIL may be important for mesagial cell turnover, and for clearing inflammatory cells, such as macrophages in the kidney. This is supported by our previous work suggesting that TRAIL-deficiency leads to increased systemic inflammation and apoptosis, to exacerbate diabetes and atherosclerosis [@pone.0092952-DiBartolo1].

TRAIL signalling is complicated; amplified with the identification of alternatively spliced variants [@pone.0092952-Krieg1], [@pone.0092952-Wang1], and multifaceted mechanisms involving 5 receptors in humans. TRAIL also has the ability to promote cell survival, proliferation and differentiation via activation of NFκB, mitogen-activated protein kinase (MAPK), c-Jun N-terminal kinase (JNK) and phosphatidylinositide 3-kinase (PI3K)-dependent pathways (reviewed in [@pone.0092952-Kavurma1], [@pone.0092952-Kavurma2]). Thus, TRAIL is a control switch, and depending on the environment e.g. expression of its receptors, TRAIL concentration, inflammatory milieu and specific cell types, it can decide whether a cell dies or survives. Notably, all TRAIL receptors, except decoy receptor-2, are expressed in the normal kidney. Osteoprotegerin is the only identified soluble receptor for TRAIL, known to inhibit TRAIL\'s function(s) and circulating osteoprotegerin levels seem to play a role in disease, particularly in diabetes and diabetic complications including kidney diseases (reviewed in [@pone.0092952-Candido1]). Importantly, osteoprotegerin levels are independently associated with the severity of DN [@pone.0092952-Chang1], and in a transcriptomic study using DN kidney biopsies, osteoprotegerin (together with TRAIL) was one of the genes conferring the highest expression [@pone.0092952-BenitoMartin1]. While tissue expression of osteoprotegrin in TRAIL^-/-^ApoE^-/-^ kidneys needs further investigation, we failed to show a difference in circulating osteoprotegerin levels in these mice [@pone.0092952-DiBartolo2].

TRAIL can modulate host defence mechanisms, important in controlling tumour growth [@pone.0092952-Cretney1]-[@pone.0092952-Takeda1]. In fact, lymphocytes, monoctyes and dendritic cells, are important in supressing TRAIL-mediated tumour cell growth [@pone.0092952-Diao1]--[@pone.0092952-Griffith1]. We have previously shown that TRAIL expression is increased following mechanical injury to vascular smooth muscle cells *in vitro*, and after peri-vascular cuff placement to femoral arteries of wild-type mice [@pone.0092952-Chan1]. Importantly, mechanical injury promoted vascular smooth muscle cell proliferation and survival [@pone.0092952-Chan1]. Given that TRAIL expression is increased in kidneys of DN patients, it is therefore enticing to speculate that TRAIL may be expressed in damaged or injured tissues as a mechanism of host defence; to modulate levels of inflammation and apoptosis and/or survival in damaged tissues. In this report, we show that a deficiency in TRAIL in ApoE^-/-^ mice resulted in a heightened inflammatory state in the kidney, as well as exacerbated nephropathy. This suggests that TRAIL is indeed protective of inflammation and kidney tissue damage in ApoE^-/-^ mice. Thus, TRAIL plays an important role in attenuating the development of DN. Here, we also illustrate the importance of more studies to delineate the critical and complex function(s) of TRAIL in this setting.
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**Kidneys from TRAIL^-/-^ApoE^-/-^ mice show increased calcification and collagen.** (a) Calcium was measured by Alizarin Red staining and (b) collagen by Masson\'s Trichrome. Measurements are from n = 8--11 mice per genotype. Results are expressed as mean ± SEM, \*p\<0.05 and \*\*p\<0.01 by Mann-Whitney U test.
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Click here for additional data file.

###### 

**TRAIL^-/-^ApoE^-/-^ mice consume less food.** Food intake for ApoE^-/-^ (open circles) and TRAIL^-/-^ApoE^-/-^ (closed squares) mice was measured as described in the [Materials and Methods](#s2){ref-type="sec"}. Measurements are from n = 3 mice/genotype. Linear regression was used to assess significance of slopes for each line; expressed as mean ± SEM, p\<0.0001.
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Click here for additional data file.
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